This report evaluates the large body of work involving the decomposition of PETN and identifies the major decomposition routes and byproducts. From these studies it becomes apparent that the PETN decomposition mechanisms and the resulting byproducts are primarily determined by the chemical environment. In the absence of water, PETN can decompose through the scission of the O-NO 2 bond resulting in the formation of an alkoxy radical and NO 2 . Because of the relatively high reactivity of both these initial byproducts, they are believed to drive a number of autocatalytic reactions eventually forming
Background
Pentaerythritol tetranitrate (PETN) [78-11-5 ] is an important high explosive (HE) and pharmaceutical belonging to the nitrate ester class of organic compounds. Some relevant physical properties of this class of explosives are given in Table I . PETN is the least reactive and most thermally stable of the nitrate ester explosives. 1 Visually, PETN appears as white crystals, and in its most stable form assembles into a tetragonal structure (i.e., space group P-bar-42 1 c) with four molecules per unit cell. Two other commonly identified crystal habits include (1) "needle" or "hour glass" formations, having reentrant cavities from the ends and/or a high length-to-width ratio, and (2) "superfine" formations composed largely of irregular plates.
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PETN's mechanical properties are quite interesting, exhibiting a strong directional dependence to shock initiated detonation. Although PETN is classified as quite easily detonated by shock, several directions of impact with respect to the crystal structure exist that will not cause detonation, even when the shock wave fully crosses the crystal. Researchers have found that shock-initiated detonation occurs along the a-axis of the crystal but not along the c-axis. 3 PETN is soluble in acetone [67-64-1], sparingly soluble in alcohols and ethers, and practically insoluble in water (1.5 µg/ml). 4 PETN has an extremely low vapor pressure at ambient temperatures and a tendency to adhere to surfaces. 5 This makes it difficult to maintain a stable vapor density of the pure material, which is desirable for a technique such as gas chromatography (GC). 6 Furthermore, raising the temperature to increase the vapor pressure accelerates the decomposition rate of PETN as observed by monitoring the emission of gaseous byproducts. The decomposition rate increases appreciably at temperatures over 100 o C. 
PETN as an Explosive
PETN has an endothermic initial step of ignition, which accounts for its stability at room temperature. However, ignition is a multi-phase process that progresses to self-sustained exothermic reactions. This characteristic is also common to all HE. Although the transition zone from slow thermal decomposition to violent explosion has been studied in PETN using laser pyrolysis and mass spectrometry (MS), the reaction mechanisms are still not well understood.
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PETN is used in several formulations and a few of the more common ones are summarized in PETN is also a major component of the plastic explosives SEMTEX-1A and SEMTEX-H, which are made in Czechoslovakia. 12 Analysis of SEMTEX residue has become increasingly important because it is frequently used by terrorists.
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The SEMTEX-1A formulation is comprised of 83.5% PETN, 12.4% oil, 4.1% styrene-butadiene rubber binder, and 0.002% dye (Sudan IV). The SEMTEX-H formulation consists of a minimum of 25% PETN, a maximum of 65.5% (cyclo-1,3,5-trimethylene-2,4,6-trinitramine) RDX for a combined total of 85.5%, 11.6% oil, 2.9% styrene-butadiene rubber binder, and 0.002% dye (Sudan I). However, quality control 
PETN in Forensics
SEMTEX-H is frequently used in terrorist activities and consequently forensic scientists find the identification of PETN in post-explosion debris helpful for assigning culpability. 15 During an explosive event, not all energetic material is consumed. 16 Some of the material is volatilized in the extreme heat of the explosion, and then condensed on the cooler objects in the debris. In contrast, the end products of fully exploded material are usually simple salts (such as carbonates), water and carbon dioxide. These compounds are shared in common by most explosive materials, thus making them useless as specific identifiers. 17 Therefore, the detection and analysis of the condensed undetonated residues are particularly important in the investigation of a crime scene. The undetonated residues may consist of not only the explosive material itself but also the decomposition products and intermediates. This makes the identification of the decomposition products and intermediates of PETN important. . Unfortunately, PE-mono-N could not be used as a comparative standard in the research because it could not be isolated from the synthetic mixture. PE-mono-N as a PETN postexplosion analyte is yet to be established.
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PETN as a Pharmaceutical
PETN is also an important pharmaceutical used as a potent vasodilator in the treatment of angina pectoris and ischemia of the skeletal muscles. It falls within the same therapeutic class as nitroglycerine (NG), the drug of choice for acute cases of the above maladies. 18 However, PETN has a slower onset of action and, thus, a longer duration making it well-suited for prevention but not for the treatment of attacks. It is routinely mixed with lactose to prevent its detonation.
PETN was first synthesized as a pharmaceutical in 1895 and hence, its development as a drug occurred at a time when chemical analytical methods were not as sophisticated or sensitive as they are today. For this reason, information on pentaerythritol tetranitrate pharmacokinetics lags behind other drugs. Nevertheless, the major metabolites of 14 C-PETN have been studied in rats, mice, and humans. In 1997, PETN and its metabolites were studied in human plasma by extraction into dichloromethane and analysis by GC/MS. 19 The metabolites found were PEmono-N, PE-di-N, and PE-tri-N.
Although, considerable interest in the shelf life of PETN tablets exists, current research has focused on the amount of pure material remaining in an aged dosage form and not the identification of the decomposition products. This could be attributed in part to the use of simple instrumentation like stand alone chromatography and simple spectrophotometric techniques.
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Consequently, research on the degradation products of pharmaceutical PETN should be of significance to the drug industry.
Synthesis of PETN
PETN is generally synthesized by reaction of PE with nitric acid or a nitric-sulfuric acid mixture. only differ from each other in their uncertainty. Conversely, larger amounts (greater than 2%) of impurities had substantial effects on the ∆H f . Although researchers conclude that "impurities" in the amounts to be expected in "pure" PETN cannot be responsible for the observed differences in heats of fusion, we do not believe they were aware of all of the impurities in PETN. The ∆H f of the different crystal habits were measured to be approximately 37, 37 and 32 cal/g, respectively,
and were not found to be greatly affected by differences in surface area.
Decomposition of PETN
Aging and accelerated decomposition of PETN has been studied for a variety of formulations and under a number of different temperature and chemical environments. When these studies are considered collectively, we are able to establish a model that describes different decomposition pathways, which become evident when PETN is aged in pure form or in the presence of other chemicals. It is generally accepted that "the decomposition of primary and secondary aliphatic nitrate esters involve the initial, reversible, rate determining scission of the O-NO 2 bond." 29 This scission step is described as a first-order process as shown in Eq. 3. This reaction has been identified in a number of pharmacokinetic studies as mentioned above. 19, 20 Although in living systems, hydrolysis is enzymatically facilitated, 30 PETN is readily hydrolyzed in the laboratory. 31 This pathway has been shown to occur under acidic, neutral, and basic conditions. The degradation proceeds sequentially and relatively slowly.
Effect of Temperature on the PETN Physical and Chemical States
Thermal properties and stability of PETN have been studied by many groups. These studies established a consensus regarding temperature-dependent properties that including the melting The DTA method compares the temperature of a sample to a standard under a precisely controlled heating curve tested by Huang et al., show two significant thermal points for PETNan endothermic melting point peak at 141.6 °C and an exothermic decomposition peak at 206.1 °C. 11 The decomposition begins at 155.0 o C, but the associated weight loss, as seen by the TGA curve, is relatively low. However, the decomposition increases sharply to a maximum at 206.1 o C, which coincides with a weight loss of 92%.
Low-Temperature Decomposition
From the thermal analysis studies of PETN described above, different outgassing or decomposition processes apparently occur above and below approximately 110 °C. For this reason is used to delineate between low-and high-temperature phenomenona. In addition, lowtemperature accelerated outgassing and decomposition are relevant to shelf-life issues. emission upon neglecting the "initial" desorption.
Other low-temperature studies were performed by Kimura of the Japan Defense Agency. 
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We believe that there may be significance in the similarity between the 15 kcal/mol desorption E A reported by Volltrauer and the autocatalytic decomposition E A studied by Kimura.
The desorption of adsorbed NO 2 may initiate the autocatalytic decomposition reaction.
Furthermore, Volltrauer reports that most of the NO x produced from PETN at temperatures ranging from 53 to 120 °C is NO 2 (e.g., 80 to 90%), thus suggesting that the amount of reduction of NO 2 to NO by PETN is small in comparison to that of NC. For NC essentially all of the NO x measured is NO at temperatures above 100 °C.
Klassen et al. performed liquid ion chromatographic analysis on liquid extracts from PETN and a formulation of PETN, XTX8003 (see Table II) , maintained under various environmental and low-temperature (50 to 100 °C) conditions for up to two years. 40 From liquid extraction of PETN, they were able to identify a significant increase in recovered nitrate, formate, acetate, and oxalate anions from PETN maintained at 100 °C for one year compared with that stored under ambient temperatures. These species were extracted by milling the PETN with water in a plastic container using a plastic agitator ball and a Spex 8000 Mixer/Mill. The aqueous mixture was filtered prior to ion exchange liquid chromatography using a dilute sodium hydroxide eluent
system. An alternative sonication sample break-up and extraction method was tested. However, present in PETN as a contaminate from the synthetic process, but most of the bulk unaged lots do not contain appreciable amounts of oxalate or other anions. 40 However, it is plausible that these products are synthesis byproducts of the PE and PETN synthesis as described in PETN synthesis section above. Morphological change in addition to decomposition might facilitate the release and extraction of the acid salts if they are ionicly or weakly bound.
High Temperature Decomposition
High-temperature decomposition studies were performed more recently in 1999 by Ruijaun et al. 41 This group studied the temperature dependence of PETN decomposition under dry inert conditions ranging from 100-500 °C using pyrolysis GC and MS (PGC/MS) and the Bourdon manometric test. PGS/MS was also equipped for DTA using an instrument developed in-house consisting of an oven pyrolyzer that records the temperature behavior of the sample to a standard over a measured length of time. The sample temperature differs slightly from the standard because the sample experiences thermodynamic events such as molecular rearrangements, outgassing, or changes in state. In addition, the output from the pyrolyzer was analyzed by GC/MS. The MS used was a high-resolution magnetic sector instrument.
Results fell within three characteristic temperature ranges. Unfortunately, the presence of this byproduct was not proven because the mass spectral data only revealed fragment ions (the largest being at m/z 116) and not the molecular ion. Furthermore, we believe that other mechanisms involving the attack of PETN by the alkoxy radical, although less mobile than NO 2 , result in the formation of polymer-like species such as di-PEHN and tri-PEON that are readily found in PETN.
The importance of chemical environment on the decomposition route becomes self-evident through the hydrolysis reaction of PETN, which is reported as the major decomposition route seen under aqueous environments. In this case, the O-NO 2 bond is broken upon hydrolysis resulting in the formation of PE-mono-N, PE-di-N, and PE-tri-N. Interestingly, these lower nitrate esters of PE are also synthesis byproducts and have not been shown to be a major byproduct formed under anhydrous conditions.
It becomes apparent from different decomposition studies that external conditions such as temperature and chemical environment can influence the diffusion and lifetime of PETN byproducts, NO 2 , alkoxy radicals, and other reactive residue, which in return determine the primary decomposition route and rate of PETN.
